Abstract. The objective of this study was to develop empirical coefficients for the estimation of evapotranspiration of Scots pine (Pinus sylvestris). A field experiment was conducted in the area of the Department Agro-and Hydrometeorology Observatory, University of Environmental and Life Sciences in Wrocław, Poland, from the 1 st of May till the 31 st of October, 2016. Measurements of evapotraspiration (ETR) were conducted in soil evaporimeters in three replicates. In parallel to the evaporimeter measurements, direct measurements of actual values of evaporation from open water surface (EW) were conducted with the use of an evaporimeter type EWP 992. In addition, the diurnal values of index evaporation were calculated with the FAO Penman-Monteith formula (EP). Empirical decade indices for the estimation of Scots pine evapotranspiration were determined in two variants. The first variant consisted in the determination of the quotient of measured evapotranspiration ETR and evaporation from open water surface EW (index kw). In the second variant, the components of the quotient were the ETR and the index evaporation calculated with the FAO Penman-Monteith formula (EP) (index kp). The conducted analysis showed that variation in the values of evapotranspiration totals is more pronounced with extension of the time step, for which it is summed up. Basing on precipitation water alone, Scots pine adapts its evapotranspiration to the rhythm of water supply. In the case of the conditions of Wrocław, the maximum evapotranspiration total for a month occurs in July. Analyses of the possibility of determination of empirical indices on the basis of measurements of evaporation from open water surface performed by means of the evaporimeter type EWP 992 and of diurnal values of index evaporation calculated with the FAO-Penman-Monteith formula indicate a possibility of spatial interpretation of Scots pine evapotranspiration.
Introduction
Evapotranspiration is one of the principal components of water balance, on which most climatic models are based. In the case of trees, knowledge of the process in the aspect of climate change is highly important. In the process of photosynthesis, trees absorb carbon dioxide and produce oxygen [1] . As reported by the Canadian Environmental Assessment Agency, one tree of 10 m height produces an average of about 118 kilograms of oxygen per year, while a human uses about 180 kg of that gas. Through the process of evapotranspiration, trees contribute, among other things, to a reduction of air temperature in their vicinity, and grown in suitable plantings they can significantly reduce the occurrence of the effect of "urban heat island" in urban environments, and improve the microclimate of those sites.
Over the years a number of methods have been developed for the determination of the amount of evapotranspiration, as well as of its individual components. These include, e.g. direct measurements by means of lysimeters [2; 3] , the method of soil water balance [4; 5] , measurements of water flow in tree trunks [6; 7] , eddy covariance [8; 9] , or water balance of catchment basin [8; 10; 11] . The methods differ in the space and time scale, number of measured components of the process of evapotranspiration, assumptions, technical difficulty, or values of measurement error.
The study of the evapotranspiration of trees is a complex process. For its elucidation it is necessary to create conditions that will reflect the environment of their growth. For this purpose one should isolate individual trees so that their root systems are situated in soil monoliths, separated from the possibility of water replenishment in the soil through capillary rise. Another equally important element is to set up a field experiment in such a way as to avoid the oasis effect, i.e. to create such conditions for the growth of trees that they can grow in a dense enclave, as it is in natural conditions. Such conditions can be achieved only in lysimeters or in soil evaporimeters with adequate surface area and thickness of soil monoliths. Methods for the study of the process of evapotranspiration of crop plants with annual cycle are largely researched. In the past as well as currently precise experimental methods have been and are in use, in the form of abovementioned lysimeters or soil evaporimeters with the possibility of soil texture modelling, as in the case of lysimeters [12] [13] [14] [15] [16] . Whereas, the study of evapotranspiration of trees is a complicated process due to the size of the plants and to their multiyear growth conditions. These limitations cause that only few research centres conduct field experiments of this kind.
In the literature one can often encounter various kinds of empirical indices allowing to estimate the value of evapotranspiration on the basis of analysis of evaporation from open water surface or of the index evaporation calculated according to the FAO Penman-Monteith method, treated as a reference method [6; 13; 17; 18] . A combination of those two methods yields satisfactory results.
The objective of this study was to develop empirical coefficients for the estimation of evapotranspiration of Scots pine (Pinus sylvestris). It is common opinion that coniferous forests have a significant effect on the environment and contribute to, e.g., an enhancement of water retention of areas in which they grow, modify the microclimate in manner friendly to man, and intercept considerable amounts of pollutants from the air. For these reasons, it is Scots pine that should be used for afforestation of poor soils.
Materials and methods
A field experiment was conducted in the area of the Department Agro-and Hydrometeorology Observatory, Faculty of Environmental Engineering and Geodesy, University of Environmental and Life Sciences in Wrocław, Poland, from the 1 st of May till the 31 st of October, 2016 (summer halfyear). The experiment covered the fifth year of cultivation of Scots pine (Pinus sylvestris) on a postarable soil. Measurements of evapotraspiration (ETR) were conducted in soil evaporimeters with area of 0.3 m 2 and 0.7 m soil monolith thickness, at 24-hour time step, in three replicates (ETR 1 ÷ ETR 3). To avoid the oasis effect, the soil evaporimeters were installed so that the trees covered by the measurements grew in a compact enclave, like in natural conditions (Fig. 1) . The operating principle of a soil evaporimeter consists in periodic measurements of changes of soil mass in the pot, caused by water evaporation and migration to deeper soil layers. In the case of precipitation, very accurate estimation of its amount is necessary. For the determination of plant evaporation, the dimensions of evaporimeters should ensure adequate soil mass in the pot, meeting the requirements of the root layer. For this reason, the evaporimeters used in the field experiment have soil monoliths with thickness of 0.7 m, placed in steel pots with larger diameters to allow their isolation from the effect of groundwater. The instruments used allow measurements with accuracy of 0.1 mm and 24-hour time step. Their operation consists solely in readouts of the position in indicators on the scales of mass and infiltration volume.
Fig. 1. Soil evaporometers installed in compact enclave of Scots pine in field experiment
In parallel to the evaporimeter measurements, direct measurements of actual values of evaporation from open water surface (EW) were conducted with the use of the evaporimeter type EWP 992, placed beneath a louvered roofing. In addition, the diurnal values of index evaporation were calculated with the FAO Penman-Monteith formula (EP), using the original software EVAPO that is described in detail in the publication by Chieng [19] .
In the first stage of analyses, on the basis of the measured diurnal values of pine evapotranspiration in each of the evaporimeters, the actual values were calculated taking into account corrections for water influx in the form of diurnal precipitation totals, and outflow in the form of infiltration.
In the second stage, empirical decade indices for the estimation of Scots pine evapotranspiration were determined in two variants. The first variant consisted in the determination of the quotient of measured evapotranspiration ETR and evaporation from open water surface EW (index kw). In the second variant, the components of the quotient were the ETR and the index evaporation calculated with the FAO Penman-Monteith formula (EP) (index kp). For the determination of the empirical indices the decade time interval was adopted to ensure stability of the values obtained. The choice of the decade intervals resulted from the fact that diurnal values of the determined indices were highly varied, and their values resulted from the high diurnal variation of meteorological factors that determine the process of evaaporation. To evaluate the variation of the empirical indices kw and kp, the same relationships were also determined for monthly intervals. The analyses conducted in the study are of a pilot character, due to the short period of the research.
To acquire knowledge on the weather conditions in the course of the experiment, measurements of the basic meteorological elements were conducted. Their estimation was made on the basis of mean decade values of air temperature and precipitation totals in those periods. The adopted reference background was the 30-year period of 1981-2010, currently recommended as climatological norm. Characterisation of the thermal-precipitation conditions was performed using the standard proposed by Biniak-Pieróg [20] . On that basis it was concluded that the summer half-year of 2016 was warm. Warm and very warm decades were dominant, observed primarily in the period from the 3 rd decade of May till the 3 rd decade of September, included. With regard to atmospheric precipitation, the analysed half-year period corresponded to the norm, with a total of P 340.2 mm. Analysis of subsequent decades revealed domination of dry (6) and medium dry (3) decades, interspaced with normal periods (6) and sporadically with medium wet and wet ones (a total of 4). Figure 2 presents the runs of decade values of air temperature and atmospheric precipitation during the period of the study. Results and discussion Figure 3 presents the variation of diurnal values of Scots pine evapotranspiration averaged for three replicates, against the background of diurnal atmospheric precipitation totals from May till October, 2016. The obtained decreasing trend of ETR 1÷3 is clearly visible in the course of the vegetation period. However, from the statistical point of view it is insignificant, which is indicated by the low value of the coefficient of determination (R 2 = 0,0451).
Variation of the values of evapotranspiration totals is more observable with extension of the time step for which it is summed up. This is presented in Figures 4 and 5 . Basing on precipitation water alone, Scots pine adapts its evapotranspiration to the water supply rhythm. In the case of the Wrocław conditions, the maximum evapotranspiration total occurred in July (116.3 mm), and the lowest in October (38.9 mm).
In the course of the field experiment it was observed that in the conditions of no access of the root system of Scots pine to ground waters, i.e. in conditions created by the soil evaporimeters, the process of evpotranspiration is significantly limited. This is reflected also in limited growth capacity of the trees. In addition, both the amount of retained water and the value of evapotranspiration of individual trees depend on their location in the forest enclave.
In the second stage, basing on the averaged decade values of actual evapotranspiration ETR 1÷3 of Scots pine and the measured decade values of evaporation from open water surface EW and decade values of potential evaporation calculated with the FAO-Penman-Monteith formula, the empirical indices kw (variant I) and kp (variant II) for the estimation of evapotranspiration of the trees were determined. Their variation is presented in Figure 6 .
The As follows from the analysis of weather conditions, in terms of moisture the 2 nd decade of July was classified as wet (precipitation total of 68 mm), and in terms of thermal conditions as warm. That allowed water to accumulate in the substrate, which was reflected in higher ETR values in that and the following decade. A comparably high difference in the values of indices kp and kw was obtained for the 3 rd decade of October. The calculated values of the empirical index kw for the monthly intervals varied from 0.373 in May to 1.244 in October. Whereas, the empirically obtained values of the index kp, determined on the basis of the values of potential evaporation calculated with the FAO method, were higher every time and assumed values in the range from 0.448 in May to 2.135 in October, the highest values being observed, as in the case of the decade values, in July (Fig. 7) . However, the extension of the time interval caused a distinct attenuation of variation in the obtained values of the indices kw as well as kp. 
